Liver cancer stem cells (LCSCs) are derived from damaged and transformed Hepatic progenitor cells (HPCs) during precancerous cirrhosis stage. Ras/Raf/MAPK and PI3K/AKT/mTOR signaling pathways are significantly deregulated in liver cancer. The activation of PI3K/AKT/mTOR pathway in LCSC population is one of the reasons for acquired resistance to Sorafenib in advanced Hepatocellular carcinoma (HCC) patients. Therefore, identifying novel inhibitors targeting this pathway acting on LCSCs is highly essential. We therefore elucidated the bioactivities of small molecule kinase inhibitors on LCSCs acting through PI3K/Akt/mTOR pathway in comparison with DAPT (CSC inhibitor), DNA intercalators and Sorafenib. For this purpose, CD133+/EpCAM+ cells originated from HCC cells were analyzed by flow cytometry and effective inhibitors on LCSCs were further tested for their potential combinatorial effects. Treatment of cells with Sorafenib, and DNA intercalators resulted in enrichment of CD133+/EpCAM+ cells. Yet, mTOR inhibitor Rapamycin, and Notch pathway inhibitor DAPT significantly reduced CD133/EpCAM positivity. Combination studies revealed that sequential treatment strategy, which involves treatment of cells with Rapamycin prior to Sorafenib treatment, decreased the ratio of LCSCs as opposed to Sorafenib treatment alone or Sorafenib treatment prior to Rapamycin. The effect of the inhibitors were also demonstrated with LCSC sphere formation. Additionaly, a large panel of genes involved in cancer pathways were analyzed using Nanostring ® nCounter ® Technology to identify the differentially expressed genes in Rapamycin, Sorafenib or DAPT treated cells. Pathways involved in stemness (Wnt and Notch pathways) were differentially regulated between Rapamycin or DAPT treated cells and Sorafenib treated cells. Interleukin 8 (IL-8), FLNC, FLNA expressions were down-regulated upon treatment with DAPT or Rapamycin, yet up-regulated upon Sorafenib treatment. Following IL-8 inhibition CD133/EpCAM positivity of cells decreased significantly, indicating that IL-8 signaling is crucial for the conservation of stemness features of cancer cells.
Introductory Statement
Hepatocellular carcinoma (HCC) is the second common cause of cancer mortality and the fifth most common malignancy in human cancers (1) .Chronic liver injury is caused by viral diseases, exposure to chemicals, and other environmental or autoimmune conditions which constitute the risk factors for HCC (2, 3) . Liver cancer is known to originate from hepatic progenitor cells (HPC) during cirrhosis and has a very heterogeneous histological structure. In this process, HPCs are damaged and transformed to liver cancer stem cells (LCSCs) which are responsible for chemoresistance, tumor relapse and metastasis (4) . Sorafenib and Regorafenib are multikinase inhibitors, which are the only clinical treatment options for advanced HCC patients approved by Food and Drug Administration (FDA). However, in recent years it has been reported that HCC patients acquire resistence to Sorafenib. The underlying mechanisms of acquired Sorafenib resistance involve crosstalks of PI3K/Akt and JAK-STAT pathways, epithelial-mesenchymal transition (EMT), as well as enrichment of cancer stem cells (5, 6) . Nevertheless the exact mechanisms accounting for sorafenib resistance remains unclear. Therefore, therapies targeting cancer stem cells in liver cancer will be indispensable for the treatment of HCC.
Markers validated for the identification of LCSCs include CD133, EpCAM, CD90, CD44, CD24, CD13, and OV6 as well as Hoechst dye efflux or aldehyde dehydrogenase (ALDH) activity (7) . In our previous study, it was well defined that CD133 and EpCAM were convenient to detect LCSCs of epithelial like (well-differentiated) cells, whereas CD90 was efficient to detect LCSCs of mesenchymal like (poorly differentiated) cells (8, 9) .
We report here that the small molecule inhibitor Rapamycin inhibits the enrichment of LCSCs and regulates pathways related with stemness. Additionally, gene expression analysis along with pathway scoring results have revealed several potential targets such as IL-8 against cancer stem cell enrichment, where blockade of IL-8 pathway was shown to prevent enrichment of LCSC population significantly.
Experimental Procedures

Cell Culture
Huh7, Hep3B and, Mahlavu cells were maintained in Dulbecco's Modified Eagle's Medium (DMEM) (Invitrogen GIBCO), supplemented with 10% fetal bovine serum (FBS) (Invitrogen GIBCO), and 0.1 mM nonessential amino acid, whereas SNU475 cells were maintained in RPMI (Invitrogen GIBCO), supplemented 10% fetal bovine serum (FBS) and 2mM L-glutamine. Both media contained 100 units/mL penicillin and 100 units/mL streptomycin. Cells were grown at 37 ˚C in a humidified incubator under 5% CO2.
Flow cytometry
HCC cells were inoculated into 100mm 2 culture dishes (100.000-200.000 cells). 24 hours later, cells were treated with the compounds (IC50 conc.) for 72 hours. Dead cells that no longer remained attached to the surface of the culture plates were discarded through vacuum aspiration and cells that remained attached were collected to be fixed with 4% paraformaldehyde for 30 minutes. Huh7 and Hep3B cells were stained for cancer stem cell markers using anti-CD133/1 (AC133)-Biotin (Miltenyi, 130-090-664), anti-biotin-PE (Miltenyi, 130-090-756), anti-EpCAM-FITC (Miltenyi, 130-080-301), whereas Mahlavu and SNU475 cells were stained using anti-CD90-FITC (Miltenyi, 130-095-403). For isotype controls, mouse IgG1 isotype control-FITC conjugate (Miltenyi, 130-092-213), mouse IgG1 isotype control antibody-biotin conjugate (Miltenyi, 130-093-018) were used. Staining of cells was done according to the manufacturer's protocol. Cells were analyzed using BD Accuri C6 Flow Cytometer and Software (BD Biosciences) or Novocyte flow cytometer and NovoExpress software (Acea Biosciences). The same staining procedure was applied for the analysis of HCC cells to determine the CSC marker positivity. For the detection of stemness marker expressions permeabilization of cells with 90% ice-cold methanol was done for 10 min prior to blocking. Nanog (1:400; cat# 3580, Cell Signaling) and OCT4 (1:200; cat#2750,
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Cell Signaling) antibodies and anti-rabbit IgG-Alexa 647 (1:2000, cat# ab150083, Abcam) were used.
Isolation of LCSCs
For separation of CD133+/EpCAM+ cells from Huh7 and Hep3B cells, FACSMelody Cell Sorter (BD) was used. Anti-CD133/1(AC133)-Biotin (cat.no.130-090-664) and anti-biotin-PE (cat.
no.130-090-756) was used to label CD133+ cells. anti-EpCAM-FITC (cat. no.130-080-301) was used to label EpCAM+ cells. Purity of separated cells were assessed using flow cytometry.
Sulforhodamine B (SRB) cytotoxicity assay
All cells were inoculated into 96-well plates (1000-2000 cells/well). After 24 hours, cells were treated with the inhibitors and DMSO control in concentrations 40μM to 2.5μM in serial dilutions.
After 72h of treatment, cells were fixed by cold 10% (w/v) trichloroacetic acid (MERCK) for an hour. Then the cells were washed with ddH2O and left to dry. For staining of the proteins, 50 μl of 0.4% SRB dye (Sigma-Aldrich) was applied to each well to be incubated at RT for 10 min. To remove extra staining, wells were washed with 1% acetic acid for several times and left for airdrying. SRB dye was solubilized using 100 μl/well 10 mM Tris-Base solution and absorbance was measured at 515 nm using a plate reader (ELx800, BioTek). The experiment was performed in triplicates and the absorbance values were normalized to DMSO controls.
Sphere formation assay
Sphere formation from cells was triggered using in DMEM/F12 serum-free medium (Gibco, Invitrogen) supplemented with epidermal growth factor (20 ng/ml; Thermo Fisher), basic fibroblast growth factor (10 ng/ml; Sigma), B27 supplement (1:50; Invitrogen), Heparin (2 µg/ml; Sigma), insulin (5 µg/ml; Sigma), hydrocortisone (0.5 µg/ml; Sigma) and 100 units/mL penicillin and streptomycin (Gibco, Invitrogen). The cells were cultured in ultra-low attachment 96-well plates for 6-12 days.
Analysis of Gene Expression (Nanostring ® , nCounter ® Technology)
Huh7 cells were seeded in 100 mm culture dishes (200,000 cell/dish) and treated with the corresponding IC50 concentrations of the inhibitors or with control (DMSO) for 72h (72h for each inhibitor included in sequential treatment).
For extraction of RNA, RNeasy Mini Kit (Qiagen) was used as instructed by the manufacturer.
The total RNA content of samples was measured using NanoDrop One spectrophotometer (Thermo Fisher Scientific). 50 ng RNA per sample was used for processing the nCounter ® PanCancer Pathway Panel gene expression analysis (Nanostring ® ). This technology contains 730 different probes binding complementary to corresponding target mRNAs (hybridization at 65°C overnight). The fluorescence barcodes specific for each gene are attached to each probe, enabling digital counting of each gene. Sample preparation was done with nCounter ® PrepStation and microscopy scanning of the barcode signals were done with nCounter ® Digital Analyzer (Nanostring ® ) as instructed by the manufacturer. Quality control, normalization and differential expression analysis were done using Nanostring nSolver™ 3.0 Analysis software together with its Advanced Analysis plug-in.
Cellular pathway analysis
A signal transduction score flow algorithm for cellular pathway analysis called "Pathway Scoring Application" (10) was used to utilize the expression data obtained from Nanostring nCounter technology and evaluate the activity of cell signaling pathways. For this, the log2 differential expression values were transformed into ranked values by first sorting these values in ascending order and by ranking each log2 value with reference to all log2 values present in the gene list.
The entrez gene ids of each gene were inserted next to the gene names. The ranked list was saved in txt format which contained entrez gene ids, gene name and the ranked gene expression values. Then this list was uploaded to Cytoscape 3.5 software platform to integrate the pathway scoring application. "Pathways in cancer (human)" KEGG pathway was uploaded to analyze the expression data. The enrichment scores assigned by the algorithm describes the biological response of a specific process (in this case treatment with different inhibitors) in the pathway.
Quantitative RT-PCR (qRT-PCR)
Total RNA was isolated from cells using RNeasy RNA-purification kit (Qiagen) and RevertAid First LightCycler ® 480 SYBR Green I Master (Roche) under the following conditions: initial denaturation at 95 °C for 10 min, amplification for 45 cycles (95°C 10 sec followed by 60°C 10 sec and 72°C 10 sec), and melting at 95°C 10 sec followed by 65°C for 60 sec and 97°C for 1 sec. The experimental Ct (cycle threshold) was calibrated against GAPDH control product. All amplifications were performed in triplicate. The ΔΔCt method was used to determine the amount of target gene in inhibitor treated cells relative to that expressed by DMSO treated cells.
Western Blot analysis
Bio-Rad protein electrophoresis (Mini-PROTEAN® Tetra Cell Systems and TGX™ precast gels) antibodies were used. Proteins were visualized using a C-Digit® imaging system (Ll-COR).
Statistical analysis
All data in this study were obtained from three independent experiments and S.D values were calculated accordingly. Statistical analysis was performed using a Student's t-test (Prism, Graphpad or Microsoft Excel). MFI values of all flow cytometry analysis results were provided in Suppl. fig. 5 .
Results
Isolated CD133+/EpCAM+ cells display cancer stem cell characteristics
CD133+/EpCAM+ and CD133-/EpCAM-populations from Huh7 and Hep3B cells were separated by cell sorter and analyzed by flow cytometry to determine the purity of the separated cells. The purity and sorting efficiency was ~95% for each population (Fig. 1A) . To characterize the isolated cells in terms of their stemness features, sphere formation capacity and expression of well-known stemness factors (Nanog and Oct4) were compared between CD133+/EpCAM+ and CD33-/EpCAM-populations. It was found that, cells that were positive for both markers were able to form vivid and dense spheres, whereas cells that were negative for both markers, were unable to form such spheres ( Fig.1B ). In addition, the expression of Nanog and Oct4 were found to be higher in CD133+/EpCAM+ cells when compared to CD133-/EpCAM-cells ( Fig. 1C) . Altogether, these results indicated that CD133 and EpCAM markers were convenient for identifying cells that have cancer stem cell like features in epithelial-like HCC cell lines and were compatible with the literature (11, 12) .
Small molecule inhibitors have differential effects on LCSC population
A group of small molecule inhibitors which include several PI3K/Akt/mTOR pathway inhibitors, DNA intercalators, and Sorafenib were chosen to determine their effects on liver cancer stem cells. Initially, the inhibitory concentrations (IC50 values) of these inhibitors on HCC cells (Huh7, Hep3B, Mahlavu and SNU475) were evaluated by NCI-SRB assay. The IC50 values showed small differences between cell lines, therefore an average IC50 value was assigned to each inhibitor ( Table 1) . These concentrations were used throughout the following experiments explained in this study. . 1 ). Altoghether, it was concluded that, Rapamycin was able to prevent enrichment of CSCs both in epithelial and mesenchymal like HCC cell lines similar to the effect of a well known cancer stem cell inhibitor DAPT.
Rapamycin treatment before Sorafenib is effective against LCSC enrichment
Recent studies have introduced that mTOR plays critical roles in breast, pancreatic, lung and colorectal cancer stem cells through stemness related functions and that inhibition of mTOR significantly causes sensitization of cancer stem cells to therapy (13) (14) (15) (16) . It has already been shown by previous studies that Sorafenib synergizes with Rapamycin and prevents tumor progression in vivo (17) and that components of PTEN/AKT/mTOR pathway might be crucial in driving recurrence and effecting prognosis of HCC (18) . However, the potential of combinatorial treatment using PI3K/AKT/mTOR pathway inhibitors and Sorafenib remain unclear. Therefore, two different sequential treatment strategies were followed; treatment of cells with 1. Sorafenib or Doxorubicin before Rapamycin, LY294002 or DAPT, 2. Treatment of cells with Rapamycin or DAPT before Sorafenib. Results have shown that the first strategy failed to inhibit enrichment of LCSCs and even enhanced this process (Suppl. Fig. 2 ). However, with the second strategy, it was possible to decrease the percentage of CD133+/EpCAM+ cells significantly in both Huh7 and Hep3B cells (Fig. 3) To further clarify the potential of this strategy, sphere formation assay was performed, which resulted in significantly smaller and low number of spheres in cells treated with Rapamycin prior to Sorafenib (Fig. 4) . Thus, it was concluded that this strategy was promising in terms of inhibiting enrichment of LCSCs compared to Sorafenib treatment alone. Perhaps this effect was instigated by the regulation of stemness related events by the PI3K/AKT/mTOR pathway, which needs to be further investigated.
RNA expression analysis and pathway scoring results suggest potential targets against enrichment of LCSCs
To compare the effects of Sorafenib, Rapamycin and DAPT on expression of cancer pathway and stemness related genes, PanCancer pathways panel was analyzed with the help of Nanostring ® nCounter ® Technology. This platform offers high level of precision and sensitivity with its novel digital color-coded barcode technology as well as higher dynamic range of detection compared to microarrays and high-throughput sequencing technologies. (19, 20) Differential expression analysis have revealed that upon Rapamycin or DAPT treatment, stemness pathway genes (WNT and Notch) were down-regulated similarly (Fig. 5A) , whereas Sorafenib treatment caused upregulation of JAG1 which encodes for Jagged-1, a Notch receptor ligand known to be responsible for enhancing cancer development and angiogenesis in cancer including liver cancer (21) (Suppl. Fig. 3) . Similarly, when top 15 differentially expressed genes were clustered, expression of FLNA, FLNC genes were upregulated upon Sorafenib treatment. Filamin A has been indicated as a potential marker for the progression (metastasis) of HCC and other cancers (ovarian and prostate) in previous studies (22) (23) (24) (Fig. 5B) . Once cells were treated with Rapamycin, DAPT or Rapamycin and then Sorafenib, the expression of these genes were found to be regulated inversely. Perhaps the most important finding was that, IL-8 expression was strongly upregulated (~5 fold, log2) upon Sorafenib treatment but on the contrary downregulated upon treatment with DAPT (~-3 fold, log2), or not changed when treated with Rapamycin (~0.18 fold, log2). Further confirmation of these results was done with qRT-PCR where gene expression levels of IL-8 were in parallel with the results obtained from the data obtained from the nCounter system ( Fig. 5C) . Nanog expression was also shown to be in parallel to expression of IL-8 in Huh7 cells and decreased upon Rapamycin treatment (Fig. 5C ). In addition, there was a strong correlation between the ratio of LCSCs and expression of IL-8 in these cells. As the LCSC population is enriched, the expression of IL-8 gene increased likewise ( Fig. 5D and Suppl. Fig   4) . IL-8 gene, encoding for the cytokine IL-8, has been widely studied in many cancers including breast (25-28), lung (29) ,pancreatic (30) , colorectal (31, 32) , HCC (33) , and has been shown to be associated with cancer stem cell-like properties. Therefore, targeting IL-8 signaling was found to be critical for the inhibition of CSC regulated events.
The differential expression data obtained was further used to execute a score flow algorithm ("Pathway scoring application") (10) (Fig. 6A) in order to evaluate the activity of cell signaling pathways. In fact, parallel with the differential gene expression analysis, IL-8 gene gained significantly enriched scores in Sorafenib treated cells compared to DAPT or Rapamycin treated cells, further emphasizing the potential of IL-8 as a target in HCC (Fig. 6B) .
Interleukin 8 inhibition sensitizes HCC cells to Sorafenib treatment
Former results have lead us to concentrate on the possibility that HCC cells could be sensitized to Sorafenib treatment through blockade of IL-8 signaling. For this purpose, Reparixin, an IL-8
inhibitor, was used to inhibit IL-8 signaling in Huh7 and Hep3B cells. The IC50 value obtained by
SRB assay was 50 µM and treatment of cells with Reparixin alone and in combination with
Sorafenib, resulted in significant reduction in positivity of LCSC markers (Fig. 7A) , as well as their capacity to form spheres (Fig. 7B, 7A and 7D ). In addition, western blot analysis of these spheres has shown that both Nanog and SOX2 protein levels were lower in spheres formed by Huh7 cells treated with DAPT, Reparixin, whereas spheres formed by Sorafenib treated cells had higher levels of both stemness markers. However, the combination of Sorafenib and Reparixin resulted in lower levels of SOX2 and Nanog proteins (Fig. 7E) . Altogether these results supported the idea that IL-8 signaling is associated with LCSC enrichment and that targeting IL-8 signaling is a promising in terms of coping with HCC pathogenesis.
Discussion
In this study characterization of CD133+/EpCAM+ population of Huh7 and Hep3B cells were done to demonstrate their cancer stem cell like features and to verify the efficacy of CD133 and EpCAM molecules as LCSC markers. Both sphere formation assay results and expression analysis of Nanog and OCT4 have once again supported the previous studies performed by other groups and showed that CD133 and EpCAM together are convenient to identify and isolate cancer stem cell like cells of HCC ( Fig. 1) . Supportive to our results, literature has also defined the association between PI3K/Akt/mTOR pathway and LCSC markers CD133 and EpCAM through analysis of tumor and non-tumor tissues of from HCC patients and found that p-AKT and p-mTOR expression was positively correlated with CD133, EpCAM and CD90 expression and together these markers were correlated with poor differentiation and advanced tumor stage (18) . Thus, expression of PTEN in combination with CD133 or EpCAM was suggested to serve as a screening tool to monitor recurrence and predict prognosis in HCC.
Although Sorafenib and other small molecule kinase inhibitors targeting PI3K/AKT or Ras/Raf pathways are widely studied for their anti-cancer activity, it has become a great concern that their efficacy is unstable in HCC patients due to high-level heterogeneity. It is suggested by many studies that, since Sorafenib inhibits Raf/(MAPK) signaling but activates PI3K/Akt pathway (34), combinations targeting Akt/mTOR or Ras/MAK pathways could be promising in ensure better clinical outcomes. In fact, it has already been shown that PKI-587, an inhibitor of PI3K/AKT/mTOR pathway together with Sorafenib is advantageous in terms of inhibition of HCC (35 (37) showed no improved survival compared to Sorefenib alone (38) .
Given the fact that not all PI3K/AKT/mTOR pathway inhibitors exhibit promising effect on HCC, a group of novel/known small molecule inhibitors including PI3K/AKT pathway inhibitors, Sorafenib and clinically used chemotherapeutics (DNA intercalators) were investigated for their efficacy against LCSCs of HCC cell lines. As expected, and in parallel with the literature, each inhibitor was found to have differential effects on CD133+/EpCAM+ population where; Sorafenib and DNA intercalators such as Doxorubicin and Camptothecin and some PI3K/Akt pathway inhibitors (ZSTK and NVP-BEZ235) enriched the ratio of CSCs; whereas some inhibitors decreased the CSC population significantly (Rapamycin, and LY294002) (Fig. 2) . Therefore, we claim that PI3K/Akt/mTOR pathway inhibitors may alter hepatic cancer stem cell composition and gene expression in favor or to the detriment of cancer stem cell survival, meaning that the composition and the timing of the combined treatment with Sorafenib can be in favor of the patient survival or a risk for tumor relapse. For this reason inhibitors that were shown to be potent against LCSCs were further tested in combination with Sorafenib to propose a treatment strategy that would get in the way of LCSC enrichment or sensitize them to become defenseless against Sorafenib treatment. Our findings showed that sequential treatment which involves treatment of cells with Rapamycin prior to Sorafenib was effective against enrichment of CSCs compared to Sorafenib treatment alone or in combination (Fig. 3) . It was interesting that when these inhibitors switch orders, completely different results were reached, where CSCs were likely to enrich even more compared to Sorafenib treatment alone (Suppl. Fig. 2) . Perhaps pre-treatment of cells with
Rapamycin caused cellular events that regulate the pathways related with stemness, thus helped sensitization of CSCs to the following treatment. In fact, literature has supportive information about the potential of mTOR pathway inhibitors to block stemness related pathways. A recent study introduced a novel mTOR inhibitor named Anthracimycin, which was shown to be capable of suppressing proliferation of CSCs and non-CSCs equally well in Huh7 cells (39) .
In order to understand the alterations in expressions of cancer pathway related genes and to identify novel molecular targets that could have a significant role in survival mechanisms of LCSCs, a panel consisting total of 700 genes was studied and analyzed using Nanostring ® nCounter ® technology (Fig. 5) . The differential expression data obtained was further used to execute a score flow algorithm ("Pathway scoring application") to evaluate the activity of various signaling pathways (Fig. 6) . As a positive control for the inhibition of cancer stem cells, upon DAPT treatment, genes related with Notch pathway were down-regulated as expected.
Differential expression analysis revealed that expression of Ras, MAPK pathway related genes (PDGFRA, EFNA1, EFNA3, VEGFA, RASA4) were down-regulated, whereas genes belonging to Wnt and Notch pathway (DKK1 and JAG1) were upregulated upon treatment with Sorafenib.
Regulation of IL-8 draw our attention since IL-8 signaling in cancer has been widely studied in many cancers, especially in breast cancer and its knockout resulted in poor survival of CSCs. In fact, it has been reported previously that IL-8 levels increase during progression of HCC and plays role in development of distant metastasis. Another study has described that IL-8 plays an important role in driving HCC tumor growth, self-renewal and angiogenesis in CD133+ LCSCs (33) . Interestingly, treatment of cells with Rapamycin prior to Sorafenib, prevented upregulation of IL-8 unlike other combination strategies, which further suggested that Rapamycin could be inducing cellular events that do not allow IL-8 expression to elevate, yet triggers a mechanism which inhibits survival of CSCs. In fact, inhibition of IL-8 through treatment with Reparixin was informative, since it resulted in reduction of CD133+/EpCAM+ population, their sphere formation capacity and the levels of stemness related proteins (Fig. 7) . To fully understand the exact mechanisms behind the regulation of cellular pathways involved in LCSC survival and resistance to Sorafenib, further understanding of the pathways induced by mTOR and IL-8 signaling in LCSCs is necessary. We believe that this study has provided a better understanding of alterations in distribution of stem/non-stem cells in HCC cells upon treatment with different PI3K/Akt/mTOR pathway inhibitors and possible mechanisms and targets involved in regulation of LCSC survival. 
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